Abstract. In Ti-48Al-2Cr-2Nb (at.%) alloys fabricated by electron beam melting (EBM), a unique layered microstructure composed of duplex-like region and equiaxed γ grains (γ bands) is formed at an appropriate process condition. The fatigue behavior of the TiAl alloy fabricated by EBM at an angle (θ) of 90° between the building direction and loading axis was investigated focusing on the layered microstructure and test temperature. At room temperature (RT), fatigue strength at θ = 90° is higher than that at θ = 0°. In particular, in low-cycle fatigue life region, the fatigue properties at θ = 90° without hot isostatic pressing (HIP) are comparable to those of the cast alloys with HIP. The γ bands act as an effective barrier to the crack propagation, resulting in high fatigue strength at RT. On the other hand, the fatigue strength at θ = 90° is lower than that at θ = 0° in low-cycle fatigue life region at 1023 K, since the γ bands cannot suppress the crack propagation at 1023 K. However, at 1023 K, the fatigue strength at θ = 90° in the low-cycle region is similar to that of the cast alloys with HIP, due to the fine grain size after EBM.
Introduction
Titanium aluminide (TiAl)-based alloys have been used for low-pressure turbines for aircraft jet engine due to their high specific strength, excellent high-temperature (HT) strength and good oxidation resistance [1] [2] [3] . However, low ductility at room temperature (RT), poor HT deformability and high reactivity are harmful for their practical application. The alloys are generally fabricated by the precision investment casting [4] . However, coarser grains, shrinkage defects, contamination from the crucible and oxidation during casting are significant concerns. Thus, in order to solve these problems, new fabrication process for TiAl-based alloys is needed.
Recently, electron beam melting (EBM) [5] [6] [7] and selective laser melting (SLM) [8, 9] which are typical additive manufacturing techniques for metallic materials are found to be favorable for fabricating TiAl-based alloys. These techniques have some advantages: near-net-shape, reduction of material waste and a decrease of lead-time. In particular, EBM has attracted much attention because of its high energy density, low residual stress and high process speed, compared with SLM. Thus, EBM process is effective in fabricating TiAl-based alloys.
The mechanical properties of TiAl-based alloys depend on their microstructure which can be controlled by heat treatments [10] . In Ti-rich TiAl alloys, the microstructure generally varies with the annealing condition as follows: (1) a fully lamellar structure composed of TiAl (γ) and Ti 3 Al (α 2 ) phases; (2) a duplex structure composed of fine lamellar grains and γ grains; and (3) a near γ structure mainly composed of equiaxed γ grains. It is well known that the coarse fully lamellar structure is suitable for HT fatigue and creep properties, while the fine duplex structure leads to good balance between strength and ductility [10] .
In our previous study [11] , we have fabricated cylindrical bars of Ti-48Al-2Cr-2Nb (at.%) (48-2-2) alloy by the EBM process. We found that it is possible to fabricate the alloys with a unique layered microstructure by EBM under optimum condition. The layered microstructure consists of a duplex-like region and equiaxed γ grains forming a chain perpendicular to the building direction. This chain of the γ grains is referred to as the γ band, always aligned perpendicular to the building direction, which is closely related to the temperature distribution near the melt pool during the EBM process. The formation mechanism of the layered microstructure is well documented in our previous paper [11] . It is also interesting to note that the mechanical properties of the alloy bars with the layered microstructure is strongly dependent on the angle (θ) between the loading axis and the building direction [11, 12] . For instance, the alloy bars fabricated at θ = 45° and 90° exhibit a large elongation above 2.0% at RT, while maintaining the yield stress above 550 MPa [11] . The shear deformation occurs preferentially in the soft γ bands, which leads to the excellent RT ductility at θ = 45° and 90°, compared with that of the cast alloys. Furthermore, the RT fatigue strength of the alloy bars at θ = 45° is comparable to that of the hot isostatic pressing (HIP)-treated cast alloys, even without HIP treatment [12] . However, the fatigue behavior of the alloy bars at θ = 90°, which also exhibit large ductility at RT, has not been clarified yet. In the present study, the RT and HT fatigue behaviors of the alloy bars fabricated by EBM at θ = 90° were investigated, focusing on the layered microstructure and the fracture surface after the fatigue tests.
Experimental Procedures
Ar gas-atomized 48-2-2 alloy raw powder with a mean particle diameter of 100 µm (Arcam AB, Sweden) was used in this study. Cylindrical bars of the alloy with a diameter of 10 mm and a length of 90 mm were fabricated using an Arcam A2X EBM system (Arcam AB, Sweden) at θ = 0° or θ = 90°. Hereafter, the alloy bars fabricated at θ = 0° and at θ = 90° are referred to as θ = 0° and θ = 90°, respectively. The detail of the EBM process is documented in a previous paper [11] . Note that the alloy bars used in this study were not subjected to any post-process treatment including HIP.
The fatigue specimens with gauge dimension of 2×2×5 mm were cut from the center of the alloy bars by electro-discharge machining followed by mechanical polishing. The fatigue tests were performed using an electro-servo-hydraulic testing machine at RT and 1023 K in vacuum. The test conditions were set at a frequency (f) of 10 Hz and a stress ratio (R) of -1 under a fixed applied stress (σ). Note that the loading axis was set parallel to the cylindrical direction during the fatigue tests. The experimental procedure for the observation of the microstructure and fracture surface using an optical microscope (OM) and scanning electron microscope (SEM) is well described in our previous paper [12] .
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Results and Discussion Fig. 1 shows the microstructure of the alloy bars fabricated by EBM at θ = 0° and θ = 90°. These OM images were taken from longitudinal plane of the alloy bars. As shown in Fig. 1 (a) and (b), the layered microstructure consisting of the fine duplex-like region and the γ bands can be seen in both θ = 0° and θ = 90°. The width (W γ ) and volume fraction (f γ ) of the γ bands for θ = 0° evaluated form OM and SEM images are approximately 30 µm and 27%, respectively, while the corresponding values for θ = 90° are approximately 35 µm and 33%, respectively. This means that the γ bands at θ = 0° and θ = 90° are similar to each other. As described in a previous paper [11] , the repeated local heat treatment in the vicinity of the melt pool during the EBM process is a key factor for the formation mechanism of these γ bands. The average grain size of the duplex-like region for the alloy bars is approximately 15 µm, which is much finer than that of the cast alloys with HIP treatment (50-500 µm) [13] .
The stress amplitude-number of cycles to failure (S-N f ) curves of θ = 0° and θ = 90° cyclically deformed at RT are shown in Fig. 2 . The curve for the cast alloys with HIP treatment [14] are also shown in the figure for comparison. Not that θ = 0° and θ = 90° are not subjected to HIP after the EBM process. As shown in Fig. 2 , θ = 0° exhibits lower fatigue strength than the cast alloys. On the other hand, the fatigue strength of θ = 90° is superior to that of θ = 0° and comparable to that of the cast alloys in the low-cycle fatigue life region. However, it should be noted that some of the specimens of θ = 90° exhibit shorter fatigue life comparable to that of θ = 0° in the same region (marked by circles). This means that the fatigue strength of θ = 90° shows a large scatter. It can be deduced that either the main crack initiation at the defect or the change in the crack propagation direction related to the microstructure influences the scatter in the fatigue strength. In order to understand the variability of the fatigue strength, the fracture surface of the fatigue specimens were observed using a SEM. Fig. 3 shows the SEM fractographs of θ = 90° cyclically deformed at σ = 400 MPa. It is noted that the specimens shown in Fig. 3 (a) (hereafter specimen A) and (b) (hereafter specimen B) were fractured at 31 cycles and 648 cycles, respectively. This means that specimen B exhibited higher fatigue strength than specimen A. As shown in Fig. 3 (a) and (b), the crack initiation sites can be observed near the specimen surface on both fracture surfaces. Moreover, any defect including pores cannot be seen around the crack initiation sites. These results indicate that the difference in the fatigue strength between specimens A and B is not caused by the defects which accelerate crack initiation during cyclic deformation. However, it should be noted that the relationships between the crack propagation direction and the γ bands in specimens A and B are different from each other, as illustrated in Fig. 3 (c) . The crack in specimen A initiates near the surface perpendicular to the γ bands. In contrast, the crack initiation site of specimen B positions at the surface parallel to the γ bands. In this way, the direction of crack propagations for specimens A and B are parallel and perpendicular to the γ bands, respectively. It should also be noted that specimen A shows a smooth fracture surface (Fig. 3 (a) ), while the fracture surface in specimen B contains some steps (Fig. 3 (b) ). Fig. 3 (d) displays the polished fracture surface of specimen B. The γ bands can be observed at the start point of the steps. This indicates that the crack propagation in specimen B was deflected at the γ bands, since the crack propagates perpendicular to the γ bands ( Fig. 3 (e) ). We reported that the hardness of the γ bands is lower than that of the duplex-like region [11, 12] . The difference in hardness between the γ bands and the duplex-like region causes stress concentration at their interface, which leads to the crack deflection at the interface (Fig. 3 (e) ). As a result, the crack propagation rate is decreased, and therefore, specimen B exhibits high fatigue strength. In other words, the γ band acts as an effective barrier to the crack propagation at θ = 90° at RT if the direction of crack propagation is occasionally perpendicular to the γ bands. In contrast, in specimen A, the crack easily propagates parallel to the γ bands without a strong barrier, resulting in short fatigue life. Thus, the scatter in the fatigue strength of θ = 90° at RT is caused by a change in the crack propagation pass, which depends on the crack nucleation site and the relationship between the direction of crack propagation and the γ bands. Fig. 4 shows S-N f curves of θ = 0° and θ = 90° cyclically deformed at 1023 K. The S-N f curve of θ = 90° at 1023 K can be classified into low-and high-cycle fatigue life regions, similar to that of θ = 0° [12] , which are designated as regions I and II, respectively. It is noted that the fatigue strength of θ = 90° is lower than that of θ = 0° in region I at 1023 K. Fig. 5 shows SEM fractographs of θ = 90° cyclically deformed at σ = 450 MPa and then fractured at 440 cycles, which correspond to region I. In contrast to RT, it is difficult to find a clear crack initiation site on the fracture surfaces at 1023 K. As shown in Fig. 5 (b) , an intergranular fracture is observed in the γ bands. This means that the γ bands do not act as a resistance for crack propagation at 1023 K. This is because the stress concentration at the duplex-like region/γ band interface is insignificant at 1023 K since the difference in strength between the two regions is decreased at the temperature [11] . The intergranular fracture in the γ bands accelerates the crack propagation rate, thereby decreasing the fatigue strength in region I. Although θ = 90° exhibits lower fatigue strength than θ = 0° in region I at It is also noted that the fatigue strength of θ = 90° is comparable to that of θ = 0° in region II at 1023 K. The slope of the S-N f curve of θ = 90° increases in region II, similar to θ = 0°. This change in the slope is attributed to the increase in the main and small crack initiations at the pores due to the increase in the stress concentration at the pores associated with low plasticity in region II [12] .
